The electrical length of long coaxial cables can be difficult to measure accurately, because of the weakness of the reflected signal and the presence of stray reflections from discontinuities in the cable. A method has been devised which makes use of a modulated reflector, a tuned hybrid network and a phase-sensitive detector to determine the phase of the reflected signal to within 0*5°, even when this is as much as 60 dB weaker than the transmitted signal. This paper describes a new method of measuring the length of long coaxial radio-frequency cables. The technique can be used to determine the absolute electrical length of a cable at a particular frequency to an accuracy of within ±0*5° of phase, even when the 2-way attenuation of the cable is as great as 60 dB. The method was developed to enable the electrical lengths of 2 5 km-long air-spaced coaxial cables to be determined to an accuracy of within ±5 mm at 45 MHz. The cables in question were 16 mm-diameter helical membrane cables* with an attenuation at 45 MHz of about 10~2 dB/m.
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I N T R O D U C T I O N
This paper describes a new method of measuring the length of long coaxial radio-frequency cables. The technique can be used to determine the absolute electrical length of a cable at a particular frequency to an accuracy of within ±0*5° of phase, even when the 2-way attenuation of the cable is as great as 60 dB. The method was developed to enable the electrical lengths of 2 5 km-long air-spaced coaxial cables to be determined to an accuracy of within ±5 mm at 45 MHz. The cables in question were 16 mm-diameter helical membrane cables* with an attenuation at 45 MHz of about 10~2 dB/m.
The method used is an extension of the technique described by Swarup and Yang, 1 and involves the measurement of the phase of a modulated c.w. signal reflected from the end of the cable. The use of this technique results in an ambiguity in the number of halfwavelengths contained in the cable, but, in the application for which the technique was developed, this ambiguity could be resolved in other ways.
The new method has two advantages, increased sensitivity when measuring lossy cables and freedom from errors arising from stray reflections from discontinuities in the cables. As described in Section 2, high sensitivity is achieved by using a tuned hybrid network as a directional coupler and a switched diode as a termination. The phase of the reflected signal is then determined by means of a line stretcher and a phase-sensitive detector, in a manner first employed by Elsmorct In Section 3, the relationship between the electrical length of the cable and the phase of the reflected signal is discussed for the general case when the cable is both lossy and discontinuous, and it is shown how errors due to the effects of spurious reflections may be eliminated. Finally, in Section 4, the construction and performance of a prototype instrument are briefly described.
P R I N C I P L E S OF OPERATION
The principles of the new instrument are illustrated in Fig. 1 . A crystal-controlled 45 MHz signal i 0 is equally divided by a hybrid network between a dummy load Z D and the cable under test, which has the impedance Z c as seen by the hybrid. At the far end of the cable, the signal is reflected at a terminating p-i-n diode with a phase change of 0 or IT, depending on whether the diode is on or off. The advantage of using a diode rather than any other sort of modulated termination, such as a gas-discharge tube, is that essentially all the incident signal is reflected back into the cable. The reflected signal is then split again by the hybrid, half returning to the oscillator and half entering the phase-switched receiver. The hybrid thus acts as a 3 dB directional coupler, preferentially feeding the reflected rather than the transmitted signal into the receiver. A directionality of 25 dB can easily be achieved without special tuning.
phaseswitched receiver
Fig.l

Basic design of the cable-measuring system t ELSMORE.B.: Private communication
If the terminating diode is switched on and off by a lowfrequency square wave sent down the cable (275 Hz in this case), the current entering the 45 MHz amplifier will be of the form i H = i L ± i M , with the phase of i M being dependent on the length of the cable in a way which is described in detail in Section 3. The steady signal i L is due to leakage across the hybrid and to reflections from discontinuities in the cable. When fed through a power-law detector, the output from the 45 MHz amplifier is proportional to (i L ± i M ) 2 ; a phase-switching system 2 then selects and amplifies only the 275 Hz components of this signal, so that the output from the receiver is proportional to the mean scalar product of i L and i M . Thus, if the length of the cable is varied, the output of the receiver will be equal to zero whenever i M is in quadrature with i L .
Unfortunately, i L cannot be used as a phase-reference signal; it may be shown (Appendix 7.1) that, when the hybrid is approximately matched,
where Z o is the characteristic impedance of the hybrid network and T is a real numerical factor, typically 0*02, resulting from imperfections in the construction of the hybrid. Since Z c , the mean value of Z c , may vary by 4% or more from length to length of cable, it is clear that the phase of i L will change drastically whenever a new sample of cable is attached to the hybrid (Fig. 2a) . Absolute measurements are therefore not possible with the system as illustrated in Fig. 1 .
To compare i M with a current of known phase, the circuit shown in Fig. 3 was developed. The power from the oscillator is now split by hybrid 1, half going to hybrid 2, which acts as the directional coupler, and half, via a 50 dB attenuator, producing a phase-reference signal i A , with an amplitude comparable to, or a few dB larger than, that of i M . The phaseswitched receiver now compares the phase of i M with that of i A + i L (Fig. 2b) . The current i L may be made small by tuning Z D to minimise the power transmitted across the hybrid, but, even if a rejection of 80 dB could be achieved across hybrid 2 in this way, i L will still be only 30 dB weaker than i A , with the result that the phase of i A + i L has an uncertainty of about 2°. To eliminate this uncertainty, the phase of i A is made variable over a small range, so that i A + i L may be set into quadrature with a calibrating signal ±i c . The calibrating signal 1Q is produced by modulating the value of Z D by about 0-3% with the 275 Hz square wave to give a signal comparable with those encountered with long cables. From eqn. 1, it may be seen that
The phase of ic is therefore determined solely by the components making up the variable part of the load Z D , and is thus fixed when the apparatus is built. The circuit of the dummy load Z D is shown in Fig. 4 . Control of the direct current through the p-i-n diode D p and the direct voltage across the varactor diode D v allows tuning of the mainly resistive load comprised of R 3 in parallel with the small inductor h 1 . The modulation of Z D is performed by switching the diodes D x and D 2 across the equal resistors R x and R 2 . When Z D is unmodulated, one of these two diodes is left on, and one is switched off to set Z D equal to the mean value it takes when being modulated.
The system shown in Fig. 3 is therefore capable of accurately comparing the phase of i M with that of the standard value IQ. The operations involved are as follows:
(a) The switch Sj^ is opened (so that i A = 0), and Z D is tuned so as to minimise the current i L passing through the hybrid as measured by the detector current in the receiver. As will be described in more detail in Section 3, this process compensates for variations in Z c resulting in changes of both the characteristic impedance and the internal reflections in the cable. While the turning is being carried out, the p-i-n diode is matched to the nominal impedance of the cable by passing a predetermined direct current through it.
(b) Switch Sj is closed, and Z D is modulated by the 275 Hz square wave, producing the oscillating calibration signal icBy monitoring the output from the phase-switched receiver, the phase of i A is adjusted so that that of the current i A + i L is accurately in quadrature with i^. The p-i-n diode is still matched to the cable.
(c) Z D is held constant, and the 275 Hz signal is applied to the p-i-n diode. i M is set into quandrature with the steady signal i A + i L by adjustment of the length of the line stretcher and, if necessary, the addition of short lengths to the cable. Since the phase of i M is thus made equal to that of the calibrating signal ic, the length of the unknown cable may be determined (ignoring the nA/2 ambiguity) by physical measurement of the line stretcher. The precise relationship between the phase of i M and the electrical length of the cable is discussed in Section 3.
Fig. 3
Cable-measuring system with the inclusion of the phasereference circuit 114
E F F E C T OF SPURIOUS REFLECTIONS IN THE CABLE
The measurement of the phase of i M is equivalent to the measurement of the phase of AZ C , the change in the impedance of the test cable as seen by the hybrid when the terminating diode is switched off and on, since, from eqn. 1,
In Appendix 7. 2, it is shown that, if the diode is ideal, AZ C is related to the length 1 of the cable by the relationship
a 2 represents the 2-way attenuation of the signal with wavelength A, and Z A and Z B are the characteristic impedances at
PROC.IEE, Vol. 119, No. 2, FEBRUARY 1972
the two ends of the cable, a 2 , Z A and Z B are all real, but, if the cable contains any_internal discontinuities which produce spurious reflections, Z c , the mean value of Z c , may contain a small reactive component that, if ignored, would lead to an error in the estimated length of the cable. Even with highquality cable, this correction is usually significant. For example, at 45 MHz, a 6 mm (0-6° phase) error could arise, owing to a 2% change in impedance near the line stretcher or a 4% change 300 m along the cable, assuming that the cable has a loss of about 10~2 dB/m. Such changes are about the size of manufacturing tolerances for separate lengths of a Fig. 4 
Circuit of the dummy load Z D Dp and D v are p-i-n and varactor diodes D.C. connections and blocking capacitors are not shown
single type of cable, and can be larger if different types of cable are joined together.
To determine the phase of AZ C accurately, is is therefore necessary to establish the phase of Z c , which may be obtained directly from the value of the small reactive component of impedance added to Z D to minimise the current through the hybrid. As described in Section 2, the tuning of the reactive and resistive parts of Z D may conveniently be done with varactor and p-i-n diodes, respectively.
C O N S T R U C T I O N AND PERFORMANCE
The principles discussed in the previous two Sections have been embodied in a self-contained unit. Except for the 45 MHz source, a commercial 1 mW crystal oscillator, the circuitry is in the form of printed-circuit boards developed by P. F. Scott for the correlation receivers used in the Cambridge 5 km radio telescope.
The unit has been used successfully to measure, with a precision within 0'5 mm, cables having a 2-way attenuation of 60 dB. To test for the presence of errors due to internal reflections, a long cable was made up from various short pieces. It was found that the values obtained for the total length of cable were consistent to about 1 mm when the short cables were connected in a different order or the long cable was measured from opposite ends. The accuracy of the system for the measurement of absolute lengths appears to be limited by the short lengths of flexible cable which have to be used in series with the 20 cm line stretcher to bring the total length of the cable up to an integral number of one-quarter wavelengths. Owing to variations in these cables as they are flexed and joined, it is difficult to measure each of these to an accuracy of better than within 1 mm. Nevertheless, the system has been shown to be capable of reliably measuring the absolute electrical length of a 2*5 km coaxial cable to an accuracy of better than within 5 mm, or equalising the lengths of two such cables to better than within 2 mm.
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R E F E R E N C E S
180° hybrid
The 180° hybrid (e.g. Reference 3) is a bridge circuit made of lossfree coaxial cable, three arms of which are nominally A./4 in length, and one nominally 3A./4 in length. In Fig. 5 , F-L -F 4 and R x -R 4 are the amplitudes of the waves travelling in either direction in each of the four arms of the hybrid, a x -a 4 are the phase changes to which these waves are subjected in each arm, i x -i 4 are the currents in the four terminating impedances Z x -Z 4 , Z K is the characteristic impedance of the cable out of which the hybrid is constructed and l x is a current generator connected across Z x .
Fig. 5
180° hybrid
At each of the four junctions, the voltages in the three arms must be equal, so that The net currents flowing in and out of each junction must be equal to zero, so that -^± -F 2 + R 9 ] =i.
From these 12 equations, the 12 unknowns F x -F 4 , R x -R 4 and i x -i 4 may be determined. This analysis is facilitated by making the approximations
where 6 X -6 4 are small phase errors in the lengths of the A./4 and 3X/4 arms of the hybrid.
Solving the equations for i 3 , and retaining only lst-order terms, we have In the usual mode of operation of the hybrid, Z 1? Z 2 , Z 3 and Z 4 are all close to Z o , the characteristic impedance of the hybrid, which is equal to Z K /V2. Eqn. 5 may then be written as
When the hybrid is matched, half the current I x flows through Z x and the other half (given the symbol i 0 in Section 2) flows through the hybrid. Comparing Fig. 5 with Fig. 1 , it may therefore be seen that eqn. 6 leads to the result -z c + jT where i H , Z D and Z c are as defined in Section 2, and T depends only on the errors 6 X -6 4 in the construction of the hybrid.
Zn Fig. 6 Short, section of lossy cable A2 B2
Fig. 7
Matrix representation of a cable
Electrical length of a lossy discontinuous cable
A lossy discontinuous cable may be considered as comprising a number of sections of various length, each of which is characterised by an impedance Z n and a complex factor j3 n , where the amplitude of /3 n represents the attenuation in the section and its phase gives the electrical length of the section (Fig. 6 ).
Consider the forward and reverse travelling waves in the nth section and at the junction of the nth and (n + l)th section. Equating voltages and currents across the junction,
ransforming these equations into a matrix representation gives Z n + i 2Z
2Z
2/3 n Z n R r
By considering the cable in Fig. 7 as comprising a number of sections such as that in Fig. 6 , it is evident that the wave amplitudes at the ends of the cable are related by an equation of the form
That is The determinant of the matrix in eqn. 7 is equal to Zn+j/ZŜ ince the determinant of the product of a series of matrices is equal to the product of their determinants, the. determinant of the matrix in eqn. 8 is given by The impedance Z c of the left-hand end of the cable is given by
= Z t
Substituting the values of A 2 /A x from eqn. 9, and ignoring terms of order (M 12 /M 22 ) 2 and (M 11 /M 21 ) 2 , it can easily be shown that the change AZ C in the impedance at the left-hand end, due to the change in the terminating impedance, is given 
